It has been demonstrated that exposure to a variety of stressful experiences enhances fearful reactions when behavior is tested in current animal models of anxiety. Until now, no study has examined the neurochemical changes during the test and retest sessions of rats submitted to the elevated plus maze (EPM). The present study uses a new approach (HPLC) by looking at the changes in dopamine and serotonin levels in the prefrontal cortex, amygdala, dorsal hippocampus, and nucleus accumbens in animals upon single or double exposure to the EPM (one-trial tolerance). The study involved two experiments: i) saline or midazolam (0.5 mg/kg) before the first trial, and ii) saline or midazolam before the second trial. For the biochemical analysis a control group injected with saline and not tested in the EPM was included. Stressful stimuli in the EPM were able to elicit one-trial tolerance to midazolam on re-exposure (61.01%). Significant decreases in serotonin contents occurred in the prefrontal cortex (38.74%), amygdala (78.96%), dorsal hippocampus (70.33%), and nucleus accumbens (73.58%) of the animals tested in the EPM (P < 0.05 in all cases in relation to controls not exposed to the EPM). A significant decrease in dopamine content was also observed in the amygdala (54.74%, P < 0.05). These changes were maintained across trials. There was no change in the turnover rates of these monoamines. We suggest that exposure to the EPM causes reduced monoaminergic neurotransmission activity in limbic structures, which appears to underlie the "one-trial tolerance" phenomenon. 
Abstract
It has been demonstrated that exposure to a variety of stressful experiences enhances fearful reactions when behavior is tested in current animal models of anxiety. Until now, no study has examined the neurochemical changes during the test and retest sessions of rats submitted to the elevated plus maze (EPM). The present study uses a new approach (HPLC) by looking at the changes in dopamine and serotonin levels in the prefrontal cortex, amygdala, dorsal hippocampus, and nucleus accumbens in animals upon single or double exposure to the EPM (one-trial tolerance). The study involved two experiments: i) saline or midazolam (0.5 mg/kg) before the first trial, and ii) saline or midazolam before the second trial. For the biochemical analysis a control group injected with saline and not tested in the EPM was included. Stressful stimuli in the EPM were able to elicit one-trial tolerance to midazolam on re-exposure (61.01%). Significant decreases in serotonin contents occurred in the prefrontal cortex (38.74%), amygdala (78.96%), dorsal hippocampus (70.33%), and nucleus accumbens (73.58%) of the animals tested in the EPM (P < 0.05 in all cases in relation to controls not exposed to the EPM). A significant decrease in dopamine content was also observed in the amygdala (54.74%, P < 0.05). These changes were maintained across trials. There was no change in the turnover rates of these monoamines. We suggest that exposure to the EPM causes reduced monoaminergic neurotransmission activity in limbic structures, which appears to underlie the "one-trial tolerance" phenomenon.
Introduction
Numerous studies have demonstrated that a single exposure to a variety of stressful experiences enhances fearful reactions when behavior is subsequently tested in paradigms designed and currently used to evaluate anxiogenic and anxiolytic manipulations (1, 2) . The traditional elevated plus-maze (EPM) test involves combinations of conditioned, innate, proximal, and distal aversive mechanisms such that aversive cues detected at a distance could function as a negative incentive that activates a fear system which guides the organism away from danger present in the open arms of the maze (3) . It is believed that the use of the EPM as an animal model of anxiety is based on the conflict that results from the natural tendency of the animals when they are faced with dangerous situations (4) . Accordingly, the nature of the threat, i.e., whether learned or innate, and the nature of the appropriate response (emission or suppression of an action) have a bearing on drug responses (5) . In this context, while benzodiazepines (BZDs) injected in rats upon initial exposure to the EPM increase the percent of entries and the time spent in the open arms of the maze, a single previous undrugged experience in the EPM renders these compounds ineffective (6) . This phenomenon, known as 'one-trial tolerance', appears to depend on the aversive learning triggered by the safety/danger conflict of the EPM in the first trial of the test (6,7). Furthermore, it has been reported that the impairment of the acquisition of aversive information about the EPM in naive animals treated with scopolamine before the first session, maintains the anxiolytic effect of BZDs on trial 2 (8) . Recent behavioral studies have proposed that the submission to trial 1/trial 2 in the EPM results in a qualitative shift in emotional state (6) (7) (8) (9) .
The dopamine (DA) and serotonin (5-HT) biogenic amine systems have been extensively studied in the neurobiology of fear and anxiety (1) (2) (3) (4) (5) . A large number of studies using animal models of anxiety have been published regarding the tissue concentrations of these substances and metabolites in the structures involved in the mediation of affective responses. Indeed, a single exposure to diverse stressful situations causes multiple neurochemical changes in diverse neurotransmitter systems (2, (10) (11) (12) . However, the neural organization and neurochemical changes that occur during the test and retest sessions of the EPM of freely behaving rats are open to experimental analysis.
In the present study, we focused on the neurochemical changes in the brain of animals submitted to one or two sessions of the EPM test. We examined the neurochemical changes in the prefrontal cortex (PC), amygdala, nucleus accumbens (NAC), and dorsal hippocampus (DH) during one-trial learning development in rats and we determined to what extent midazolam injected before the first or second trial interferes with these neurochemical changes in rats exposed to the EPM.
These structures were chosen on the basis of the fact that they have important anatomical interactions and are involved in interdependent functional modalities that coordinate emotional and cognitive behavior (13) . The amygdala is thought to mediate the processing and expression of emotional behavior (14) . NAC provides an interface where stimuli with affective and emotional values access the motor effector sites and is also considered to be necessary for the expression of exploratory behavior (13, 15) . PC is implicated in cognitive regulation of emotional reactivity (16) . The hippocampus has been associated with the formation of memory traces and emotion-related behaviors (4, 17) . As to this latter aspect, the DH has been considered to be part of the socalled behavioral inhibition system and it exerts a key role in the control of anxiety (4) . All of these structures are part of the mesocorticolimbic system, in which biogenic amine levels are highly sensitive to exposure to a wide variety of acute stressors (10, 11, 18) .
For chemical analysis we used HPLC to determine the concentrations of the neurotransmitters DA and 5-HT and metabolites in animals injected with saline or midazolam upon single or double exposure to the EPM. The study consisted of two experiments: i) midazolam before the first trial (M) and ii) midazolam before the second trial (SM).
Material and Methods

Animals
Male Wistar rats from the animal house of the Ribeirão Preto Campus, University of São Paulo, were used. The animals, weighing 230-250 g, were housed in individual Plexiglas-walled cages under a 12/12-h dark/ light cycle (lights on at 7:00 am) at 22 ± 1ºC, and given free access to food and water throughout the experiment. The experiments reported in this article were performed in compliance with the recommendations of the Brazilian Society of Neuroscience and Behavior (SBNeC), which are based on the US National Institutes of Health Guide for Care and Use of Laboratory Animals (http://www.fesbe.org.br/sbnec).
Apparatus
Animals were submitted to the EPM for 5 min. The maze was made of wood with two open arms (50 x 10 cm) and two enclosed arms of the same size with 50 cm high walls. The level of illumination was 50 lux on the floor level of the walled arms. The maze was configured so that arms of the same type were opposite to each other, and the whole maze was raised 50 cm from the floor. The walls of the closed arms were made of wood. The rats were placed individually in the center of the maze facing a closed arm and allowed 5 min of free exploration. The behavior of the animals was recorded with a videocamera positioned above the maze, allowing for the identification of all behaviors, with the signal relayed to a monitor in another room via a closed circuit TV camera. Each rat was tested only once. Videotapes were subsequently scored by an observer using ethological analysis software (Observer) developed by Noldus (Amsterdam, The Netherlands). Using separate location and behavior keys, this software allows the real-time scoring of videotapes of any behavior by direct keyboard entry to a personal computer.
Procedure
Midazolam (0.5 mg/kg; Roche Produtos Químicos e Farmacêuticos S.A., São Paulo, SP, Brazil) was dissolved in 0.9% saline solution shortly before use. We assessed the exploratory behavior and neurochemical changes in rats injected with saline or midazolam (0.5 mg/kg) and exposed once or twice to the EPM. Therefore, the present study involved two experiments. To analyze the effects of one exposure to the EPM the animals were allocated at random to two groups (N = 11 in each group): a) S, injected with saline; b) M, injected with midazolam. In the second experiment, carried out to analyze the effects of repeated exposures, the animals were also allocated at random to two other groups (N = 11 in each group): a) SS, injected with saline before both trials; b) SM, injected with saline before the first trial and with midazolam before the second trial. The animals were tested 15 min after the injections. Selection of midazolam dose and time for testing were based on previous studies from this laboratory (9, 19, 20) . In these studies an ethopharmacological analysis was conducted to characterize the one-trial tolerance to midazolam in terms of a thorough dose-response relationship. The interval between sessions was of 24 h. This interval is commonly used in studies on one-trial tolerance to BZD (7) (8) (9) . The substances were injected intraperitoneally 15 min before the trials. In the neurochemical study, an additional group of rats injected with saline and not exposed to the EPM was studied (control group, C, N = 8). This control group was taken to the experimental room where they were injected with saline and remained in their cages for 20 min before sacrifice for the monoamine assays as described below. In the behavioral tests the number of animals per group was equal to 11 and in the neurochemical assays the number of samples per structure in each group was equal to 8.
Monoamine assays
Immediately after exposures to the EPM the animals were lightly anesthetized with carbon dioxide for 2 min and sacrificed by decapitation. The brains were removed from the skull, placed on ice and sliced (2 mm), with the bregma considered to be the reference landmark. Next, four areas from each side of the brain were dissected out taking as reference the following plates indicated in the Paxinos and Watson atlas (21) : PC (plate 6), NAC (plate 15), amygdala (plate 30), and hippocampus (plate 38). The HPLC system was equipped with a reverse-phase column (Hypurity Elite C18, 250 mm x 4.6 mm, 5 µm and 100-Å pore diameter particle size; Hypersil, Cheshire, UK), coupled with electrochemical detection. The samples were homogenized in 0.2 M perchloric acid containing dihydroxy-benzylamine (DHBA), centrifuged at 15,000 rpm for 20 min at 6ºC and stored at -70 o C for 15 days, and 50 µL was injected into the HPLC-EC system. The addition of DHBA to the tissue extracts from rats non-exposed and exposed to the EPM served as an internal standard to control for loss of tissue contents. The HPLC system consisted of a Shimadzu LC-10 AD chromatograph, with a CBM-10A communication bus module, an on-line DGU-14A degassing unit, and an L-ECD-6A electrochemical detector with a glassy-carbon electrode, and an LC-10 AD pump. The potential was set at 850 mV (versus an Ag/AgCl reference electrode). The mobile phase containing 150 mM chloroacetic acid, 120 mM NaOH, 0.67 mM EDTA, 0.86 mM sodium octylsulfate, 3.5% acetonitrile, and 2.6% tetrahydrofuran, adjusted to pH 3.0, was filtered and pumped through the system at a flow rate of 1.2 mL/min. All substances were quantified by comparing the peak areas to standard curves. The 5-hydroxyindoleacetic acid (5-HIAA)/5-HT and 3.4-dihydroxyphenylacetic acid (DOPAC)/DA ratios were used as indices of serotonergic and dopaminergic activity, respectively (22, 23) .
Statistical analysis
Data are reported as means ± SEM. The behavioral data of the first experiment were analyzed by two-way ANOVA. For the biochemical analyses, the data for each substance (DA, 5-HT, DOPAC, and 5-HIAA) measured in the PC, amygdala, NAC, and DH of all groups of animals were analyzed by one-way ANOVA. Post hoc differences between group means were determined by the Duncan test. The level of significance was P < 0.05 in all analyses.
Results
Behavioral measures
The effects of saline and midazolam, 0.5 mg/kg, injected before trial 1 (T1, S and M, respectively) and trial 2 (T2, SS and SM) on the behavior of rats submitted to the EPM are illustrated in Figure 1 
Biochemistry
An internal standard was used concomitant with the experimental samples from storage to analysis by HPLC to assure greater reliability to our data. Indeed, the tissue content of biogenic amines in control animals not exposed to the EPM in this study is within the range reported in other studies that used this technique (16, (22) (23) (24) . Table 1 shows that animals treated with saline or midazolam and exposed to one or two sessions in the EPM did not present differences in 5-HT or dopamine turnover in relation to the controls (C). Figure 2A and B shows the contents of 5- Table 1 . Turnover of serotonin dopamine in the prefrontal cortex, amygdala, dorsal hippocampus, and nucleus accumbens of rats submitted to trial 1 (T1) and trial 2 (T2) of the elevated plus-maze test. HT vs 5-HIAA and DA vs DOPAC, respectively, measured in the PC of rats injected with saline or midazolam and submitted to one (T1) or two (T2) EPM sessions. 5-HT and 5-HIAA concentrations changed significantly in the PC of rats injected with saline or midazolam (F(4,35) = 3.01 and 5.86, for 5-HT and 5-HIAA; P < 0.05 in both cases). Post hoc analysis indicated that significant decreases were observed in all experimental groups compared to the non-exposed control group. Tissue levels of DA and DOPAC did not change significantly in the PC of rats submitted to the EPM after injection of saline or midazolam (F(4,35) = 0.55 and 1.03, for DA and DOPAC, respectively; P > 0.05 in both cases).
Frontal cortex
Amygdala Figure 3A and B shows the contents of 5-HT vs 5-HIAA and DA vs DOPAC, respectively, measured in the amygdala of rats injected with saline or midazolam and submitted to single or double EPM sessions. Concentrations of 5-HT and 5-HIAA changed significantly in the amygdala of rats treated with saline or midazolam (F(4,35) = 22.98 and 24.75, for 5-HT and 5-HIAA; P < 0.05 in both cases). Post hoc analysis indicated that significant decreases were observed in all experimental groups compared to the untested control group of animals. Tissue levels of DA and DOPAC were significantly reduced in the amygdala of rats submitted to the EPM after injection of saline or midazolam (F(4,35) = 8.97 and 3.29 for DA and DOPAC, respectively; P < 0.05 in both cases). Post hoc analysis revealed that significant decreases were observed in all groups compared to the untested controls. Figure 4A and B shows the contents of 5-HT vs 5-HIAA and DA vs DOPAC, respectively, measured in the DH of rats injected with saline or midazolam and submitted once or twice to the EPM test. Concentrations of 5-HT and 5-HIAA changed significantly in the amygdala of rats treated with saline or midazolam (F(4,35) = 16.38 and 47.60 for 5-HT and 5-HIAA; P < 0.05 in both cases). Post hoc analysis indicated that significant decreases were observed in all experimental groups compared to the non-exposed control group. Tissue levels of DA and DOPAC did not change significantly in the DH of rats submitted to the EPM (F(4,35) = 0.52 and 0.95 for DA and DOPAC, respectively; P > 0.05 in both cases). Figure 5A and B shows the contents of 5-HT vs 5-HIAA and DA vs DOPAC, respectively, measured in the NAC of rats injected with saline or midazolam and submitted to T1 and T2 EPM sessions. 5-HT and 5-HIAA contents in NAC changed significantly in rats exposed to both sessions of the EPM (F(4,35) = 10.12 and 12.61 for 5-HT and 5-HIAA; P < 0.05 in both cases). Post hoc analysis indicated that significant decreases were observed in all experimental groups compared to the non-exposed control group. Tissue levels of DA and DOPAC did not change significantly in the NAC of rats submitted to the EPM after injection of saline or midazolam (F(4,35) = 1.37 and 1.25, for DA and DOPAC, respectively; P > 0.05 in both cases).
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Discussion
One-trial tolerance to the effects of midazolam was the most prominent behavioral effect of reexposure of the animals to the EPM. Although the anxiolytic-like effect of midazolam was apparent during the 1st trial, it did not change the exploratory activity in the 2nd trial compared to control. It has been suggested that the "anxiolytic-like" effect of BZD in the EPM test depends on the conflict that results from the need to approach the danger of the open arms and the need to leave the safety of the enclosed arms (5) (6) (7) (8) . In this context, Rodgers and Shepherd (24) suggested that the loss of diazepam efficacy in trial 2 might reflect the relative absence of an approach/avoid conflict. In support of this claim, no significant change in closed arm entries was observed in the animals submitted to repeated exposures to the EPM, ruling out the possibility of habituation to the environment, which has also been proposed to underlie the one-trial tolerance phenomenon (25) . However, prior closed arm experience also seems to be crucial for the subsequent loss of BZD anxiolysis (24) . Thus, the EPM test is not as simple as it appears and is very sensitive to small exogenous changes so that it can measure a variety of defensive responses to stress. For instance, it has been shown that isolation for a 2-h period is sufficient to reduce exploratory behavior in the EPM (1) . Similarly, a restraint period of 15 min before the EPM test also reduces the performance of rats in the test (2) . Therefore, a previous history of stress may sensitize a defensive mechanism in reaction to subsequent novel aversive stimuli. Indeed, sensitization to subsequent stressors in animals previously exposed to stress has been documented on the basis of hormonal, neurochemical and immunological variables (26) .
The main findings of the present neurochemistry studies were: i) decrease in the content of 5-HT in all limbic structures studied soon after both sessions of the EPM; ii) midazolam did not reverse these changes in the test and retest sessions; iii) the amygdala was the only structure in which there was a reduction in the tissue concentrations of DA and DOPAC across sessions; iv) these changes in the neurotransmission of 5-HT and DA in these structures cannot be attributed to enhanced metabolism since the turnover rates of these biogenic amines were not different from those of control animals not tested in the EPM.
The present results suggest that the exposure to the height and open spaces of the open arms to the EPM causes a significant decrease in 5-HT concentration in the PC, amygdala, DH, and NAC. It has been suggested that serotonin plays a role in the regulation of emotional responses in these limbic structures (3) . In the present study, 5-HT levels in these structures were kept significantly low after the first exposure to the EPM. It has been shown that animals reduce their exploratory activity in the second half of the first session of the EPM (7, 8) . Therefore, the reduction in 5-HT content obtained following the first session and its maintenance after the second trial could be related to the repeated stressful experience of the EPM. Serotonergic mechanisms of the mesolimbic system, particularly at the level of these structures, are crucial in the processing of aversive information (3, 16) . It has been shown that changes in 5-HT release in the amygdala seem to depend on the stressor to which the animals are exposed. For instance, inescapable shocks, but not escapable ones, cause increases in 5-HT release in the basolateral amygdala (27) . The amygdala appears to play a particular role in the defensive behavior of the animals submitted to the EPM. Indeed, it was the only structure in which the dopaminergic function decreased after both trials. Involvement of mesoamygdaloid DA fear arousal is a possible explanation for the present results (28) . In agreement with this view, several studies have shown that DA mechanisms of the ventral tegmental area are involved in fear arousal in response to unconditioned aversive stimuli (29, 30) . Indeed, the most prominent aversive stimuli of the EPM, height and open spaces, are innate aversive stimuli for rodents. More interestingly, reduction in the functioning of this pathway has been reported to be responsible for deficits in emotional behaviors (30) .
The NAC provides an interface where stimuli with affective and emotional value access the motor effector sites (15) . Since this test evaluates the emotional reactivity of the animals through the combination of motor activity and fear of open spaces and height we also included in the analysis the NAC. The NAC has also been claimed to be an important output center for emotional responses and changes in its monoamine contents could also be implicated in several brain disorders, including anxiety (31) . As components of the limbic system, the amygdala, hippocampus, NAC, and PC are involved in interdependent functional modalities that coordinate emotional and cognitive behavior (16) . The present results showed that the exposure to height and open spaces of the open arms of the EPM causes a decrease in 5-HT concentrations in the NAC. Therefore, exposure to the stressful stimuli of the EPM test results in recruitment of the serotonergic system innervating the NAC.
The decrease in 5-HT content in the limbic structures studied here seems to be a long-lasting effect since it persisted 24 h later after re-exposure to the EPM test. This is supported by a recent report showing that the serotonergic activity in the dorsal raphe nucleus was significantly lower in rats submitted to the EPM test and sacrificed either immediately or 10-12 days later the test (22, 23) . This prolonged reduction in the concentration of this biogenic amine after the animals are exposed to the EPM test reinforces the suggestion of a long-lasting effect of the first exposure to the EPM, which may have an impact on the performance of the animals in subsequent tests.
The present results suggest that past stressful experiences resulted in important changes in 5-HT transmission in limbic structures. Given the key role of 5-HT inhibitory transmission in controlling chronic stress, the altered regulation of the emotional states after past stressful experiences by this neurotransmitter may represent a mechanism underlying certain types of anxiety disorders. Indeed, psychological stress associated with dysregulation of central monoamine systems in the PC, amygdala, DH, and NAC has been proposed to play a role in the development of the pathophysiology of anxiety (16, (32) (33) (34) . The concomitant changes in DA in the amygdala and in 5-HT content in limbic structures suggest a role for the amygdala in the afferent channels to the neural system activated by aversive events such as those inherent to the EPM test (27, 28, 33) . This may be clinically relevant because cortical and limbic DA and 5-HT dysfunction is proposed to play a role in anxiety (16, (27) (28) (29) (30) (31) (32) (33) (34) . Reduced 5-HT and DA inputs from cortical structures and amygdala to the NAC may be an important neurobiological substrate for the mediation of symptom exacerbation in some types of anxiety disorders, such as the post-traumatic stress disorder (35, 36) . Thus, the present findings integrate these factors and may herefore contribute to our understanding of some types of anxiety.
Finally, it is important to mention that it would be helpful if we could rely on the microdialysis technique to offer direct support for the present findings with post-mortem analysis of the tissue. However, the microdialysis technique cannot detect changes in a reliable way during a 5-min test (EPM). Besides, microdialysis is usually done in one structure at a time whereas in this study we had an overview of the concomitant changes in several structures of the limbic system. Thus, for the purposes of this research, the analysis of the tissue content of biogenic amines continues to provide very useful information.
